ELECTRICAL MEASUREMENTS AND THEIR INDUSTRIAL APPLICATIONS 


THE 



INTERMODULATION DISTORTION 

• NON-LINEAR DISTORTION affects the repnxluction of an acous¬ 
tic signal by introducing components tliat are not present in the 
original. The effect of tliese ext raneous components is one of annoyance 
to the listener, first, because they can interfere with, or mask, the de- 
siretl signal, and, second, l>ccause they can make the reproduced signal 
sound unpleiLsant to the li.stener. 

Both thcjse effects are subjective. They are measurable only by 
psychological techniques and not by any existing objective tests with 
physical instruments. Such factors as annoyance, miisking, and loud¬ 
ness are evaluated statistically from the results of a large number of 
tests on many listeners to give an average subjeirtive impression of 
“normal" listeners. Much work has been done in this Held, particularly 
by the Psycho-Acoustic Laboratory at Harvard Univei*sity, the Bell 
Telephone Laboratories, some government laboratories, and numerous 
other university laboratories both here and abroad. Much remains to 
be done, particularly on the factor of annoyance, which is affected so 
much by past influences, by what one is trying to do at the moment. 


We are finding it increasingly difficult without extending DO ratings 
to obtain the raw materials and precision components which are re¬ 
quired for the manufacture of General Radio equipment. 

In addition, so many priority-rated orders are being received that the 
delivery of material against unrated orders is becoming increasingly 
uncertain. We are still accepting unrated orders and are doing our ut¬ 
most to fill them, but it becomes more difficult every day. 

The Rating DO-98 can be obtained for the procurement of essential 
equipment by addressing a request to your Contracting Officer if you are 
a prime contractor of a military department. If you are a subcontractor, 
the request should be addressed to the prime contractor, who will in turn 
get in touch with the military department concerned. 

We urgently request, therefore, that, to insure against unreasonable 
delay and to assist us in replacing inventory, you do everything possible 
to obtain and to extend to us priority on any of your unrated orders 
which we may now have or on any new orders which you will be 
placing with us. 
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iiiul l)y the time sequence of events. In 
iuhiilion, there is the task of devising 
satisfactory physical tests for sound- 
r(*pr(>ducing equipment to evaluate fac¬ 
tor that can he correlatcnl with the 
n'sults (»f the psychological tests. Some 
of these possible physical tests are con- 
sidereil here. 

For many years the main test for non¬ 
linear distortion has been the harmonic 
distortion test, which evaluates the har¬ 
monic components generated by non¬ 
linear amplification and repnxiuction of 
the applietl signal. It luis long l>een 
recognized, however, that some systems 
with very low harmonic distortion still 
do not sound “right” lo the hearer. 

H(‘causc of this inad(*quacy of the har¬ 
monic distortion test, intermo<lulation 
t<*sts have been developed. The first of 
these measures the nuxlulation of a high- 
fr(*quency tone by a low-frequency one, 
a method that gives satisfactory results 
on some systems and has been adopted 
by the Society of Motion Picture and 
1'elevision Engine(»r8 (SMPTE). 

Even this test is inadeifuate for some 
purpases, as will be shown later in this 
article, and a third method which 


measures the difference tones proiluced 
by the intennoilulation of two high- ^ 
frequency tones has been developed. 

For a single test method, this app<*ars to 
Ik* the most satisfactory. 

The accepUibility of this test, which 
is recommended by the International 
Telephonic C’on.sultative Committee 
(('CIF), is shown by a series of distor¬ 
tion tests recently made on a hearing 
aid. These tests are discussed in terms 
of rating the hearing aid, and they are 
also uscfi to illustrate pcjssible effec'ts 
that can cause trouble in other sound 
reproducing systems. 

This hearing aid, a high-quality one 
and of excellent Wf)rkmanshit), was ob¬ 
tained through the courtesy of the Har¬ 
vard University Psycho-Acoustic I^abo- 
rator 3 % where quality ratings by subjec¬ 
tive test had Imh-Ti made on it. It has a 
tone control that permits two settings, 
hihI the test panel rated the quality as 
markedly j)oorer with the tone control 
in the A position than in the Ji position. 

Thi.<5 is the reverse of what might l)e ex- 
|K*cted from the fre<iuency response 
characteristics for the two positions, 
which show a better high-fre<|uen(‘y re- 


INPUT LEVEL- 70 db BELOW I VOLT 



Figure 1. Sound>pre>»ure 
level produced by the 
earphone os o function of 
frequency for the two 
positions of the tone con¬ 
trol. Fundomentol and 
harmonic components ore 
plotted at the fundamen¬ 
tal frequency. 
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sponse for the A position. These curves 
show the marked resonan(H*s that are 
typical of hearing aids (sec Figure 1). 

TEST CONDITIONS 

The hearing aid was tested for non¬ 
linear distortion by supplying an elec¬ 
trical input at the microphone lenninals 
from a General Radio Typk 1303-A 
Two-Signal Audio Generator*. 

'Fhe earphone of the hearing aid unit 
was connected to an approximate equiv¬ 
alent of the standard 2-c.c. coupler*, 
using an .Mtec Lansing 21H Microphone 
as the trans<iucer. The output of 
the microphone was analyzed by a 
General Radio Typk 736-A Wave 
.\nalyzer. In each figure, the levels 
shown are sou nil-pressure levels in the 
2-c.c. coupler, and the operating level 
was selected to correspond approxi¬ 
mately to that for which the quality 
ratings were made. 

HARMONIC DISTORTION 

The harmonic distortion results of 

P. G, Polcraon, “An AmlM»-FV<Hiiiiincv Signal 
Generator for Non-Linear r>bl<»rtit)n (Jmernl 

Radio Experimenter, August. IQoO. 

*A8.\ Z24.0-ltM9. “American Stantlard Method for 
the Coupler CaUlinition of Karphonea " 


Figure 1 show the typical resonance 
peaks normally found in these measure¬ 
ments. They do show that the distor¬ 
tion in the fi position is lower than in 
the A position, which is in the right 
direction. However, in the region above 
700 cycles, where there is a dilTerenc^e, 
the distortion components are, in either 
case, 40 to 50 db down from the funda¬ 
mental. They are therefore almost com¬ 
pletely masked by the fundamental. For 
either position of the tone control, the 
distortion is in the range of what is 
normally considered good quality. 

INTERMODULATION 
SMPTE METHOD 

'J'he results of some measurements by 
the second method are shown in Figure 
2 as a function of frequency. A high- 
frequency signal and a lower-frequency 
signal were simultaneously applied at 
the input. The output levels of these 
signals are shown for reference. In one 
case a signal of 1 kc wa.s used as the 
high-frequency signal, and in another 
the high-frequency signal was 7 kc. In 
general the distortion components are 
40 to 50 db below the level of the desired 


Figure 2. Sound-pressure 
level of intermodulotion 
distortion components os 
determined by the SMPTE 
method. Each component 
is plotted at its own 
frequency. Upper curves 
show the level of the am¬ 
plified input signals. 


equivalent input level- 70db BELOW I VOLT 
4tl AMPLITUDE RATIO 
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si[!:iials, so far down that they are com¬ 
pletely masked by the desired signals. 
Here again we have no satisfactory in¬ 
dication of serious distortion. 

INTERMODULATION 
CCIF METHOD 

The final method of test is the differ¬ 
ence-frequency intermodulation method, 
and some results by this method are 
shown in Figure 3. Two sinusoidal test 
signals of equal amplitude were simul¬ 
taneously applied, and the difference in 
frequency between the two was kept at 
1100 cycles. The amplitude of the un¬ 
desired firet-difference component at 
1100 cycles is shown here as a function 
of the frequency of the lower-frequency 
signal. The amplitude of the amplified 
input signals is also shown for com¬ 
parison. 

At low frequencies the distortion is 
relatively low-, and this part is in agree¬ 
ment with the harmonic test. But at 
frequencies above 1500 cycles, the dis¬ 
tortion becomes ver>' large for the tone 
control in the .4 position. This result is 
marketlly different from that obtained 
by the harmonic test where the distor¬ 
tion at high frecjuencies w’as small. Thus 
the harmonic test would lead one to 


assume that the tlistortion problem was 
mainly a low-frequency one, wdiile this 
test shows that the really serious distor¬ 
tion occurs at the high frequencies. 

Considered from the viewpoint of 
masking effects, it is clear that this 
1100-cycle component is strongly audi¬ 
ble when input signals above 2000 cycles 
are used. The dissymmetrical nature of 
the masking curve at high levels* makes 
this form of distortion particularly 
noticeable, becau.se the unwanted com¬ 
ponent is at a lower frequency than the 
desired components. 

Another important point to notice in 
this figure is that the distortion for 
B position of the tone control is much 
less than for the .1 position. This degree 
of reduction is sufficient to lead one to 
expect a marked improvement in quality 
when the tone control is changed from 
the A position to the B position. Here is 
the first objective test that has shown 
definite confirmation of the subjective 
result. 

The 1100-cycle difference frequency 
was selected because of the strong re¬ 
sponse peak at that frequency. The 
question then arises: Is the distortion 


*S. S. Stovens and If. Davia. fjearing. New York, John 
Wiley Soxi», Inc., 1938, CHiapter 8. 


equivalent input level- TOdb BELOW I \^LT 



Figure 3. Sound*pressure 
level of first-order fn- 
termodulation component 
plotted os a function of 
the lo>ver-freqoency Input 
signal. 
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for other values of difference frequency 
^ also large? Results for other values are 
showTi in Figure 4. The 1100-cycle 
results are reproduced here, and in addi¬ 
tion there are distortion characteristics 
for difference frequencies of 900 cycles, 
1500 cycles, and 2850 cycles. The 2850- 
cycle value is also at a response peak, 
but the other two values are awa}" from 
the peaks of response. All show the same 
general tendency of a gradual ri.se to high 
values of distortion at the higher fre¬ 
quencies, but the distortion components 
in the vicinity of peaks of response are 
the most important. 

The results as a fimction of level for a 
particular pair of input signals are 
showm in Figure 5. At the left is the 
analyzed sound pressure for the tone 
control in the A position and on the 
right, for the B position. The levels of 
the desired signals at 3000 and 4100 
^ cycles are shown by the solid lines, and 
the levels for the distortion components 
are shown by dashed lines. In both cases 
the level of the higher-order difference 
terms at 1900 and 5200 cycles are small 
compared to the level of the first differ¬ 
ence of 1100 cycles. At the assumed 
operating input level of 70 db below 1 
volt, the 1100-cycle distortion com¬ 


ponent for the A position is only 4 db 
lower in level than the stronger of the 
two desired components. In the B posi¬ 
tion the level of distortion has dropped 
to 28 db below the strong 3000-cycle 
signal. This 24 db improvement cer¬ 
tainly would be expected to show up in 
a subjective test as a marked improve¬ 
ment in quality, which is in agreement 
with the subject test. 

The results shown have been obtained 
on only one hearing unit, and, con¬ 
sequently, no final conclusions can be 
drawn. But these results are probably 
typical because of the usual over-all 
reduced power handling capacity of 
hearing-aid units at high frequencies, 
and because of the marked response 
peaks occurring in most hearing aids. 
Therefore, it is highly probable that the 
difference - frequency intermodulation 
test is generally the most significant 
non-linear distortion test for hearing- 
aid units. 

The foregoing results should not be 
interpreted as indicating that hearing 
aids are low-quality devices. Both the 
performance requirements and the de¬ 
sign limitation of a device to compensate 
for hearing loss differ considerably from 
those of a system to reproduce sound in 


EQUIVALENT INPUT LEVEL- 70 db BELOW I VOLT 


Figure 4. First-order inter- 
modulation distortion for 
four values of difference 
frequency. 
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a communication system. Small size and 
light weight are essential, and the am¬ 
plifier seems unbelievably small to the 
engineer acrustome<l to working with 
audio power amplifiers. The desirable 
frequency response characteristic is de- 
termineii by subjective tests which, for 
this product, are the ultimate proof of 
consumer acceptability. 

The measurements on the hearing aid 
were made because of the available 
psychological data and because the elec¬ 
trical setup was simple. I'his type of in¬ 
vestigation should be extended, and we 
should like to encourage those who are 
interested and capable of doing so to 
pursue the problem for other communi- 
(•ation elements. In order to encourage 
this further investigation, a few prjssi- 
bilities are discussed below, but it should 
be noted that adec|uatc^ experimental 
proof of those possibilities is not yet 
available. 

OTHER AUDIO SYSTEMS 

EfTecls which are similar to those 
shown here* for hearing aids occur in 
audio amplifiers, radio receivers, public 


addre.s.s systems, and other electro¬ 
acoustic devices. One of the^se is the 
effect of nrsonant peak.s of respon.se. 
'These peaks of response? can e.xaggerate 
compom*nts produced by distortion to 
a serious degree. For exaniplc, most loud¬ 
speakers used on radio receivei’s do not 
have a smooth and uniform respon.st* 
characteristic as a function of frequency. 
The poor characteristic is mainly a 
result of the great difii(!ulty, and con¬ 
sequently great expense, of obtaining a 
better characteristic. In addition, some 
loud-s|>f^akers are intentionally made to 
have markedly higher response in the 
moderately low-frequency range. This 
hump in the (jharacteristic gives a typi¬ 
cal boominess that is desired by some, 
but that quickly l>ecomes anno 3 ing to 
others. With this ty|)e of response from 
a reproducer, one hears a boominess 
associated with speiH'h and most music, 
even when there obviously are no strong 
low-frequen<*y tones pre.'^ent in the 
original. It is easy to see that these com- 
pcjnents can be prmiuced by non-linear 
distortion. The internuMfiliation of two 
higher-frequenej' tones produces the 


Rgure 5. lnt«rmodulafion dHtortk>n os o function of input level. The operating level for the subjective tests 
corresponds to on input level of approximately 70 db below 1 volt. 

INPUT SIGNALS — 3000c a 4100c (SOLID LINES) lO AMPLITUDE RATIO (CCIF METHOD) 
DISTORTION COMPONENTS — llOOc, 1900c, 5200c (DASHED LINES) 




E(}U»VALENT INPUT level - db BELOW I VOLT 
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lowor-frequcncy tone as a difference fre- 
(juency. Then because of tlie exagger- 
atcfl resp(jnse at the low freciuencies this 
tone can become relatively strong with 
the associated effects described above. 
In meiusuring the magnitude of this dis¬ 
tortion, it is nec(^ir>’’ to include the 
loud-speaker in the measurements, and 
an excellent microphone is required as a 
pickup. After determining an over-all 
n*sponse characteristic, the CCIF lest 
can be made as a function of frequency 
with the difference frequency set to the 
various maxima in the response char¬ 
acteristic. 

The extensive us<^ of pre-erapliasis of 
Ingh fre<iuencie8 in present-day com¬ 
munication systems has increased the 
power handling refiuirements at high 
frequencies. The CCIF test is the be.st 
for detennining the effect of the pre¬ 
emphasis. If intermo<lulafion cjccum 
after pre-emphasis to produce a lower- 
frequency difference tone, then this 
component l)ecomes more important 
after de-emphjisis, since the higher- 
freiiuency desired components are re¬ 
duced more in level than the undesire<i 
low-frequency component . The usual nv 
cording systems of today use pr(»- 
emphasis of the high frequencies. But 
most of them are fortunately aiTanged 
to l>e essentially symmetrical in action 
80 tliat under normal c(»nditions very 
little of this first difference component is 
pro<iuced. For example, the symmetrical 
nature of the mngn(‘tizat,ion characteris¬ 
tic of magnetic tape is one of the im¬ 
portant factors in \i^ success. However, 
if an unbalance occurs in the magnetiza¬ 
tion, either l>ecau.se of di.s.sNunmetrical 
biasing or residual fl-c components, dis¬ 
tortion can occur to produce a first- 
difference frecpiency component of a 
magnitude depending on the extent of 
the dissymmetry. This CCIF test for the 


first difference can be a sensitive check 
on proper biasing, and the test, for the 
second ilifference can be used to show U|j 
additional distortionV 

few radio manufacturers have at¬ 
tempted to com|)ensate for poor high- 
fn^piency respijnse in loud-speakers by 
boosting or pi’e-c‘m|)hjisizing the high 
frequencies, ddiis process is intended as 
a step toward high fidelity and in- 
crea.sed brilliance of reproduction. How¬ 
ever, tlie incn*iis(Mi power handling 
ability that this requires at high frt*- 
quencies Is frequently not provided. The 
result is increased distortion. The char¬ 
acteristic drop in output at high fre¬ 
quencies in the loud-speaker then re¬ 
duces the level of the high-fre(|uency 
signals comparcMl to any lower-fre- 
(|uency intemuMliilation components. 
The u.sual result is tliat the radio repro¬ 
duction sounds better when the con¬ 
trols are set at a normal position rat her 
than at tliis so-called “high-fidelity” 
position. The proper method of irhcK^king 
ff)r this type of trouble is by the CCIF 
lest with the loud-siH*aker included as a 
part of the sysUan. 

Because of non-linearity in the loud¬ 
speaker suspcfiision and cone material, 
siibharmonics can be generated in many 
loud-speakers.*'* These occur at a 
number of distinct frequencies, and the 
subharmonic may be some relatively 
complicated fraction, for e.xample, 5 13, 
of the exciting frequency. Wlien an 
attempt is made to excite subharmonics 
directly, a high power level must be 
u.sed, and the subharraonics build up 
rather slowly. Because of this slow 

*1. C. “Tochninutj** fmr .Muicoiau: 

I{<»oortling,’* Elrcincfit Bnffintrring, Vol. OS, No 10, 
Octotwrr, 1019. pp. S:i0-S41. 

•H. F. Oliton, RlrinunU of Acou0tical KnginterinQ, Now 
York, D. V'nn Nostrum], Second Kdition, 1047, pp lti7(T 

•H. H. linll find H. C. Hiirdy, “McoAurcmml’i tor 
ing in the Evuluittion of the Outlity of Ixjud-iftfctikcrii." 
A&tmet. J. Aecu4 Soe. Am., Vol. 20, No 4, .Inly, 194S, 
pp. 266f. 
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build-up, it has beeu suggested that these 
subharmonics cannot l>ecome a signifi¬ 
cant factor in the reproduction of music 
and speech. However, because these 
signals are complex, other factors may 
enter to make occasional generation of 
subliarmonics possible of sufficient mag¬ 
nitude to become annoying. One tone 
appearing in a signal may be at a fre¬ 
quency for which subharmonics can 
occur and it ma}^ have associated with 
it a tone different in frequency from the 
first by a value approximately equal to 
the subharmonic. Then non-linear dis¬ 
tortion in the driving amplifier may 
generate enough of this difference fre¬ 
quency to aid in subharmonic generation 
at a level much lower than normal. In 
addition it can produce an initial signal 


to cause build-up of the subharmonic to 
a significant level in a much shorter time 
than is othenvise possible. 

EQUIPMENT 

In general an investigation of effects 
of the type described requires a versatile 
signal source. Not only are two tones 
required for the intermodulation tests, 
but also each tone must be adjustable in 
frequency over a wide frequency range. 
The General Radio Type 1303-A Signal 
Generator* provides this versatile signal 
source, and the General Radio Type 
736-A Wave Analyzer is a suitable, 
highly selective voltmeter to use as a 
detector for determining the extent of 
the non-linear distortion. 

—A. P. G. Peterso.n 

»Loc. cit. 
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